Histone modifications play critical roles in regulating immunity; however, little is known about the epigenetic control of natural killer (NK) cell development. Here, we found that NK cell development is severely impaired in mice deficient in the histone H2A deubiquitinase MYSM1. We demonstrated that MYSM1 is required for NK cell maturation but not for NK lineage specification and commitment. We also found that MYSM1 intrinsically controls this NK cell maturation. Mechanistic studies revealed that the expression of transcription factor, inhibitor of DNA-binding protein (ID2), a critical factor for NK cell development, is impaired in Mysm1 −/− NK cells. MYSM1 interacts with nuclear factor IL-3 (NFIL3, also known as E4BP4), a critical factor for mouse NK cell development, and the recruitment of nuclear factor Il-3 to the ID2 locus is dependent on MYSM1. Further, we observed that MYSM1 is involved in maintaining an active chromatin at the ID2 locus to promote NK cell development. Hence this study demonstrates the critical epigenetic regulation of NK cell development by the histone H2A deubiquitinase MYSM1 through the transcriptional control of transcription factors important for NK cell development.
Histone modifications play critical roles in regulating immunity; however, little is known about the epigenetic control of natural killer (NK) cell development. Here, we found that NK cell development is severely impaired in mice deficient in the histone H2A deubiquitinase MYSM1. We demonstrated that MYSM1 is required for NK cell maturation but not for NK lineage specification and commitment. We also found that MYSM1 intrinsically controls this NK cell maturation. Mechanistic studies revealed that the expression of transcription factor, inhibitor of DNA-binding protein (ID2), a critical factor for NK cell development, is impaired in Mysm1 −/− NK cells. MYSM1 interacts with nuclear factor IL-3 (NFIL3, also known as E4BP4), a critical factor for mouse NK cell development, and the recruitment of nuclear factor Il-3 to the ID2 locus is dependent on MYSM1. Further, we observed that MYSM1 is involved in maintaining an active chromatin at the ID2 locus to promote NK cell development. Hence this study demonstrates the critical epigenetic regulation of NK cell development by the histone H2A deubiquitinase MYSM1 through the transcriptional control of transcription factors important for NK cell development.
NFIL3 | histone deubiquitination N atural killer (NK) cells are lymphocytes that play critical roles in adaptive and innate immune responses. They can recognize virus-infected and cancerous cells through their multiple surface-expressed activatory and inhibitory receptors and lyse them through a cytotoxic effect (1) . Natural killing occurs through the release of granzyme-and perforin-containing cytoplasmic granules through a metabolically active process. Not only is the NK response in the innate immune system rapid; it also produces a distinct set of cytokines such as IFN-γ, TNF-α, IL-10, 1L-5, and 1L-13 or chemokines such as MIP-1α and -β and RANTES, which can further elicit an adaptive immune response (2) . Together, these functional activities of NK cells help eliminate the susceptible targets in multiple ways and help amplify the inflammatory response.
NK cells develop from the common lymphoid progenitors (CLPs), as do B cells and T cells. The primary site of NK cell development is bone marrow, although some evidence showing the presence of immature NK cells in the liver and thymus suggests that NK cells also may develop at these sites (2) . NK cell development in the bone marrow is defined primarily by the stepwise expression of CD122 (IL-2 and IL-15 receptor-β chain), NK1.1 (activating NK receptor), and DX5 (integrin α2) (3, 4) . CD122
cells originally were described as NK progenitors (NKPs), but recently it has been shown that this population also exhibits a T-cell potential in a notch-dependent manner both in vivo and in vitro (5) . For convenience, CD122 + NK1.1 − DX5 − Lin − cells still are referred to as NKPs in this study. Based on a refined analysis of markers expressed on these progenitors [CD27, IL-7 receptor (IL-7R) and CD244], NKPs enriched for NK cell potential known as refined NKPs (rNKPs) and an intermediate stage between NKPs and CLPs known as pre-NKPs have been identified recently (6) . Acquisition of NK1.1 occurs at the immature NK (iNK) cell stage, at a time when multiple NK receptors including NKp46, a preferential marker expressed in NK cells and conserved in mammals, begin to express (7, 8) . This onset of NKp46 expression marks the irreversible engagement of cells into the NK cell lineage, because NK1.1 +
NKp46
− cells still can give rise to both NK and T cells, but NK1.1 +
+ cells cannot (5, 8) . Cells then transition into mature NK cells (mNK) with the sequential acquisition of DX5, CD11B, and KLRG1 expression and down-regulation of c-KIT, CD27, and CD51 expression (3, 4) . Many transcription factors play key roles at different stages of NK cell development. Transcription factors such as ID2 andID3 control the development of mature NK cells from their precursors (9) , whereas GATA-3, T-bet, Eomes, and IRF2 are involved in generating functional NK cells that can exit bone marrow and enter peripheral tissues to perform their function (10) . However, unlike the mechanisms in T and B lymphocytes, the molecular mechanisms that regulate the transcription of these key transcription factors during NK cell development remain poorly defined.
Protein mono-or polyubiquitination plays a critical role in a variety of cellular processes, including protein degradation, the cell cycle, protein trafficking, signal transduction, and transcriptional regulation (11) . Polyubiquitination of a protein usually is associated with protein degradation; however, although it was discovered in 1975, monoubiquitination of histones remains a poorly studied area (11) . Among the four core histones, H2A at K119 (5-15% of the total H2A) and H2B at K120 were found to be monoubiquitinated (11) . Recently, it was reported that two RING-type ubiquitin E3 ligases, RNF8 and RNF168, modify H2A at a previously unknown site on H2A (K13 or K15) and have roles in the DNA-damage response (12) . There is evidence that monoubiquitination of histone proteins can influence the activation of transcription positively and negatively. Moreover, studies of the H2B ubiquitination state revealed that deubiquitinated H2B is required for the progression of transcription elongation (13) . An H2A ubiquitinase, 2A-HUB, functions as an elongation inhibitor in an N-CoR/HDAC1/3 corepressor complex to inhibit the expression of chemokine genes (14) . Another H2A ubiquitinase, Ring1B/Ring2, is a core component of the Significance Natural killer (NK) cells are lymphocytes that kill virus-infected and tumor cells as well as activate adaptive immunity through cytokine production. Although several transcription factors have been identified as having roles in NK cell development, little is known about the transcriptional control of these transcription factors and the epigenetic control of NK cell development. In this study we identified the importance of MYSM1, a histone H2A deubiquitinase, for NK cell maturation. We found that MYSM1-mediated epigenetic alterations control the expression of an important NK cell transcription factor, inhibitor of DNA-binding protein (ID2). This study unfolds the regulatory events of key transcription factors of NK cell development such as nuclear factor IL-3 and ID2 through an epigenetic mechanism.
polycomb repressive complex 1 and is well known for its role in the regulation of hematopoiesis and other cellular processes such as ES cell maintenance, differentiation, regulation of gene expression during embryogenesis, and others (15) . Ring1B also enhances the survival of Th2 effector cells by inhibiting apoptosis (16) . Zhou et al. (14) identified MYSM1 (the abbreviation stands for "Myb-like, SWIRM, and MPN domains-containing protein 1"), a histone H2A deubiquitinase, and reported that its activity in H2A deubiquitination is required for the activation of several target genes in prostate cancer cells. In our recent study, we found that MYSM1 plays a critical role in early B-cell commitment and development by de-repressing the transcription of EBF1 and other transcription factors by orchestrating histone modifications and transcription factor recruitment to the Ebf1 locus (17, 18) . In this study, we demonstrate that MYSM1 has an important and intrinsic role in the maturation of NK cells but not in NK lineage specification and early development. We further delineate the underlying mechanism by which MYSM1 controls target gene transcription and NK cell maturation.
Results

Reduction in the Frequency and Number of NK Cells in Mysm1
−/− Mice. When systemically examining hematopoiesis of Mysm1-deficient mice (Mysm1-KO first-floxed mice), in addition to the severe reduction in peripheral B cells in Mysm1 −/− mice reported in our recent study (17, 18) , we found a drastic reduction in both the percentage and number of NK1.1 + CD3 − NK cells in various lymphoid tissues of Mysm1 −/− mice as compared with their WT littermates ( Fig. 1 A, B , and D). Jiang et al. (18) reported the reduction in MYSM1 protein and mRNA levels in various tissues and cell lineages such as B cells, T cells, and hematopoietic stem cells (HSCs). Using real-time PCR, we confirmed that MYSM1 transcript levels were reduced ∼8-to10-fold in the NK cells of Mysm1 −/− mice as compared with WT controls (SI Appendix, Fig.  S1A ). There was a threefold reduction in the percentages of NK cells in the bone marrow, the primary site of NK cell development, and the percentages of peripheral NK cells were reduced by threeto ninefold in the spleen, blood, lymph nodes (pooled inguinal, axillary and cervical nodes), liver, and lung ( Fig. 1 A and B) .
In contrast, there were no significant differences in the frequency of NK1.1 + CD3 + NK T cells (NKT cells) in Mysm1
−/− mice and their WT littermates ( Fig. 1 A, C , and E). We examined T cells and found that, unlike NK cells, in Mysm1 −/− mice the frequency of CD4 + T cells was not altered significantly and that the frequency of the CD8 + T cells was slightly decreased in spleen but in the peripheral blood was comparable to that in WT littermates (SI Appendix, Fig. S1 B and C) . We found some alterations in the thymic T-cell development, with reduced frequency of double-negative 2 cells in Mysm1 −/− mice (SI Appendix ,  Fig. S1D) ; however, the frequency of double-positive (DP) CD4 + CD8
+ thymocytes was reduced only slightly in these mice, and the frequency of the single-positive CD4 and CD8 thymocytes was roughly similar in WT and Mysm1 −/− mice (SI Appendix, Fig.  S1 A and B (3, 19) . The frequency of mNK cells was reduced drastically (approximately five-to sixfold), whereas the frequency of NKP and iNK cells was increased in both the bone marrow and peripheral tissues of Mysm1 −/− mice ( Fig. 2  A and B) . The absolute number of cells was increased at the NKP stage and was not much affected at the iNK stage but was reduced severely at the mNK stage of development in the bone marrow of Mysm1 −/− mice as compared with WT controls (Fig. 2C) 
CD122
+ cells) was increased significantly (threefold) in the bone marrow of Mysm1 −/− mice as compared with WT controls (Fig. 2 D-F) . The absolute numbers of pre-NKPs and rNKPs were similar in Mysm1 −/− and WT mice ( shown are mean ± SEM of triplicate determinations from one of the experiments. In B, C, E, and F, *P < 0.05; **P < 0.01; ***P < 0.001.
Real-time PCR analyses of sorted WT KLS cells, CLPs, preNKPs, rNKPs, NKPs, iNK cells, and mNK cells showed that higher levels of MYSM1 mRNA expressed by rNKP and by iNK and mNK cells than by their progenitors (Fig. 2G ). The sharp increase in the mRNA levels at the rNKP stage suggests that the later stages of NK cell development are dependent on this onset of MYSM1 expression and is consistent with the blockage observed in NK cell maturation rather in NK lineage commitment in Mysm1 −/− mice (Fig. 2G ). Together, these data demonstrate a blockage in the maturation of NK cells during NK cell development in Mysm1 −/− mice, whereas the development of NKP and iNK cells from their lymphoid precursors is not compromised. Thus, unlike its critical role in early B-cell commitment, MYSM1 is required for the maturation of NK cells but not for the cells'commitment to the NK lineage or for their transition to iNK cells. NK cells express lower levels of mature markers such as DX5, CD11B, and KLRGI, but the levels of the immature markers were increased (CD51) or unaltered (c-KIT) compared with WT cells (Fig. 3 A and B) . However, CD27 expression was decreased in the Mysm1 −/− NK cells compared with WT cells (Fig. 3 A and B) . Hayakawa et al. (20) proposed that NK cell maturation can be subdivided into four stages based on the expression levels of CD27 and CD11B; in order of development these stages are double negative (DN) (CD27 + (approximately four-to eightfold) and CD27 + CD11B + NK cell subsets (∼18-to 48-fold) and an increase of ∼8-to 13-fold in the frequency of CD27 −
CD11B
− NK cell subsets compared with WT tissues (Fig. 3 C and D) . CD27 + CD11B − NK cell subsets also were decreased in the Mysm1 −/− mice (except in the blood) but less severely than the DP and CD27 − CD11B + subsets ( Fig. 3 C  and D) . Our analyses revealed that Mysm1 −/− NK cells were composed predominantly of the DN subsets, whereas the WT NK cells were mainly DP and CD27 − CD11B + NK cells ( Fig. 3 C  and D) . Narni-Mancinelli et al. (8) (Fig. 3E) . Together, these data support our finding by showing that MYSM1 is required for the maturation of NK cells specifically during the onset of NKP46 and during the transition to mature NK cells but not for commitment to the NK lineage or for the transition to immature Lin
− NK cells. Activatory receptors on NK cells are necessary for target recognition and induction of NK cell-mediated cytolysis (23) . The expression of the activatory receptors 2B4, Ly49D, NKp46, LY49H, and CD11b was lower in Mysm1 −/− mice than in WT controls ( Fig. 3 A and B) . However, the expression of NKG2D, an activatory receptor, remained unaltered in the Mysm1 −/− NK cells compared with WT cells (Fig. 3 A and B) . For complete NK cell maturation, NK cell education through the recognition of the self-MHC class I molecule by the inhibitory receptors (LY49C/I, LY49G2, NKG2A/C/E) is necessary, and this process occurs during the transition from the iNK to the mNK cell stage. We analyzed the expression of these inhibitory receptors and found a significant decrease in the levels of Ly49G2 and LY49C/I in the Mysm1 −/− NK cells compared with WT cells; however, the NKG2A/C/E levels remained unaltered (Fig. 3 A and B) .
Taken together, the severe decreases in the levels of many mature developmental markers, including the activatory and inhibitory receptors, demonstrate the predominantly immature nature of MYSM1-deficient NK cells.
MYSM1 Is Intrinsically Required for NK Cell Maturation in Vivo.
Our data demonstrate a defect in the Mysm1 −/− mNK development but not in the commitment to the NK lineage or in the transition to immature NK cells (Fig. 2 A-F) . To investigate whether the defective NK cell maturation in vivo comes from the microenvironment or from a phenomenon intrinsic to NK progenitors, we performed transplantation assays using NKPs as recently described (5) . To account for bias that might arise from the reduced numbers of Mysm1 −/− donor cells (Fig. 4 A and B) . Also, donor-derived reconstitution of T cells was similar in the recipient mice reconstituted with WT or Mysm1 −/− donor cells, and, as expected, transplanted NKPs did not contribute to detectable B-cell reconstitution (Fig. 4A) ) chimerism was evident in the recipient mice that received WT donor cells and was increased in the recipient mice that received Mysm1 −/− donor cells (Fig. 4A) . However the reconstitution of mature (B220 − CD3 − NK1.1 + DX5 + ) NK cells occurred only with the WT donor cells and was severely defective in the recipient mice that received Mysm1 −/− donor cells (Fig. 4 A and B) , indicating that MYSM1 has an intrinsic role in NK cell maturation. We also used a mixed-chimera model in which we transplanted equal numbers of WT CD45.1 and WT or Mysm1 −/− CD45.2 NKPs into sublethally irradiated CD45.1 WT recipients (SI Appendix, Fig. S5A ). The presence of host CD45.1 cells in the sublethally irradiated recipient mice prevented a sideby-side comparison of the ability of CD45.1 and CD45.2 cells to reconstitute NK cells. Nevertheless, the findings that WT CD45.2 NKPs contributed to a normal NK cell reconstitution and that Mysm1 −/− CD45.2 NKPs showed defective NK cell maturation in the recipient mice were consistent with the results of the NKP chimera study, reaffirming the conclusion that Mysm1 is an intrinsic factor for the maturation of NK cells in vivo. Fig. 4 C and D) . Because our data showed no defect in the Mysm1 −/− cells' commitment to the NK lineage in vivo (Fig. 2 A-F) , we expected to see a trend similar to that seen with NK cell generation from Mysm1 −/− NKPs even when Mysm1 −/− KLS cells were used as inputs, and the results confirmed this expectation (SI Appendix, Fig. S5 B and C) . The fact that both KLS-and NKP-derived NK cells suffered a maturation defect reconfirms our previous finding that the defective KLS differentiation at the early stages of hematopoiesis (17) did not contribute to the impaired development of mature NK cells in Mysm1 −/− mice ( Fig. 2 A-F) . Together, these results recapitulated the in vivo phenotype of Mysm1 −/− mice. To test further the direct relationship between MYSM1 and NK cell development, we extended the in vitro system and carried out a rescue assay of Mysm1 −/− NKPs using a recombinant lentiviral vector (LV) expressing MYSM1 (18) . NKPs sorted to high purity (SI Appendix, Fig. S11 ) were transduced with LVMysm1, and the transduced cells were subjected to NK cell differentiation in vitro. (Fig. 4 E and F) . Furthermore, ectopic expression of MYSM1 in WT NKPs increased the proportion of mature NK cells produced (Fig. 4 E and F) , showing that MYSM1 overexpression can boost NK cell development in vitro.
Collectively, these data demonstrate the dependence of NK cell maturation on MYSM1.
IL-15 is a critical factor for NK cell development and homeostasis, and both IL-15 −/− and IL-15R −/− mice were defective in their production of mature NK cells (24) . We were curious to know how MYSM1 responds to IL-15 and hence checked the outgrowth of NK cells from WT NKPs in which MYSM1 was overexpressed in the absence of IL-15. Interestingly, the overexpression of MYSM1 in WT NKPs significantly increased the generation of NK cells even in the absence of exogenous IL-15 (SI Appendix, Fig. S5 D and E) . Furthermore, upon IL-15 stimulation, the level of MYSM1 mRNA was increased significantly both in the WT NK cells derived in vitro from NKPs in which Mysm1 was overexpressed (SI Appendix, Fig. S5F) (SI Appendix, Fig. S5G ). These data suggest that MYSM1 functions downstream of IL-15 during NK cell development. Thus, both our in vivo and in vitro data indicate that NK maturation requires the expression of cell-intrinsic MYSM1.
MYSM1 Is Required for ID2 Transcription. Given that MYSM1, a histone H2A deubiquitinase, functions as a transcriptional regulator (14, 18), we set out to assess by quantitative RT-PCR (qRT-PCR) assays whether the expression of any genes involved in NK cell development (10) ) compared with the levels in WT cells. The levels of TBET mRNA and GATA3 mRNA also were decreased, but less severely than ID2 mRNA, in Mysm1 −/− mNK cells as compared with WT cells (Fig. 5 A and B and SI Appendix,  Fig. S6 ).
ID2 and ID3 are both expressed in NKPs, but ID2 is the predominant transcription factor in mature NK cells (9, 25) . In the absence of ID2, NKP and iNK cell development is not affected, likely because of the functional compensation of ID3 protein, which is highly expressed during these stages of NK cell development. As they do in the absence of MYSM1, NK cells fail to mature in the absence of ID2 (9) . The earlier onset of expression for MYSM1 mRNA (which peaks in rNKPs) compared with ID2 expression (which peaks in iNK cells) is consistent with the hypothesis that ID2 transcription is dependent on MYSM1 during NK cell development (Fig. 2G and SI Appendix, Fig. S7 ). These data combined with the significant reduction in the mRNA levels of ID2 in the Mysm1 −/− NK cells (Fig. 5 A and B ) indicate that MYSM1 is required for ID2 transcription.
We then sought to test if MYSM1 controls ID2 transcription during NK cell development. To do so, we transduced Mysm1 −/− NKPs with LV-Mysm1 or control LV-GFP and transferred them to an OP9 coculture system in the presence of NK cell-conditioned medium. After 14 d, the level of ID2 mRNA in vitrogenerated and postsorted NK1.1 + cells was examined by qRT-PCR. Fig. 5C shows that forced expression of MYSM1, but not of the GFP control, significantly increased the ID2 mRNA levels in the Mysm1 −/− NK cells generated in vitro, indicating that ID2 is directly or indirectly transcriptionally regulated by MYSM1.
Next, we further tested if the defective expression of ID2 in Mysm1 −/− NK cells is indeed one of the possible causes of the observed defective NK maturation. To do so, we transduced WT and Mysm1
−/− NKPs with a retrovirus (RV) expressing ID2 protein and examined NK cell generation in vitro for 2 wk using assays similar to that described above. Forced ID2 expression rescued the defect in NK cell maturation in the Mysm1 −/− NKPs (Fig. 5 D and E) .
Collectively, these data demonstrate that MYSM1 is required for ID2 transcription and that defective ID2 transcription in Mysm1 −/− NK cells is likely to be one cause of their defective NK cell maturation.
MYSM1 Associates with the Id2 Locus. To gain further insight into the molecular mechanisms controlling ID2 transcription, we 
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In vitro NK genera on from NKPs Fig. S11 ). Because ID2 expression is required at the later stages of NK cell development and homeostasis (9) , the transcriptional regulation of ID2 should be evident in mature splenic and bone marrow NK cells. In agreement with this notion, Ramirez et al. (26) recently demonstrated ETS-1-mediated ID2 regulation using sorted splenic mNK cells. A panel of PCR primer pairs was constructed spanning the promoter region encompassing different transcription factor binding sites (1 kb upstream transcription start site), the initiator sequence and the first coding exon of Id2 (1 kb downstream transcription start site) (Fig. 6A) . As a negative control, we chose an intergenic region that is not known to contain any regulatory sequences, ∼3.8-kb downstream of the ID2 locus (27) . Although they were sorted to 98-99% purity (SI Appendix, Fig. S11 ), we validated our chromatin preparations by checking for the enrichment of known interactions in NK cellspecific genes. To this end, we used two controls. RUNX3 binds the proximal Nkp46 promoter in a NK cell-specific manner (28) . Although, NKp46 expression is reduced by ∼1.5-fold in Mysm1 −/− NK cells, a substantial level of residual NKp46 was present (Fig. 3D) . We speculated that RUNX3 binding of the proximal Nkp46 promoter was intact because RUNX3 expression was unaffected by MYSM1 deletion (SI Appendix, Fig. S6 ), and we confirmed this notion using a ChIP assay (SI Appendix, Fig.  S8 ). RUNX3 also can bind to the Cd122 promoter (28, 29) , whose expression is unaltered in Mysm1 −/− mice (Fig. 3A) ; we used this assay as a second control to validate our chromatin preparation (SI Appendix, Fig. S8 ). Anti-IgG was used as a negative control for the antibody of interest used in the immunoprecipitations, unless otherwise indicated.
Chromatin from the sorted cells was immunoprecipitated with either anti-MYSM1 or anti-IgG, and the precipitated DNA was tested for the enrichment of Id2 gene. In comparison with the IgG control, there was a significant enrichment of Id2 gene using primer pair 5 (Fig. 6A) (comprising the C/EBP binding site) and less significantly using primer pair 4 ( Fig. 6A) (comprising the E-BOX binding site). No enrichment was observed in the intergenic region (Fig. 6B) , suggesting that MYSM1 is associated directly with the ID2 locus in NK cells. This result further supports our previous finding that MYSM1 regulates ID2 transcription and does so through a direct association. However, at this point we did not know whether MYSM1 is selectively targeted to the Id2 regulatory elements in NK cells through its direct DNA-binding activity mediated via its N-terminal SANT domain (30) or with the help of other DNA-binding proteins and regulators of Id2 gene.
MYSM1 Interacts with NFIL3, and This Interaction Is Critical for Their
Recruitment to the Id2 Locus. To gain further insight on how MYSM1 activates ID2 transcription, we examined whether MYSM1 is required for the recruitment of regulators of Id2 gene transcription. We used immunoprecipitation assays with co-overexpressed proteins in 293-T cells to investigate whether MYSM1 specifically facilitates the recruitment of any transcription factors related to NK cell development, such as NFIL3, TOX, KLF4, ETS-1, or EOMES (31) . Interestingly, NFIL3 protein, which is essential for NK cell maturation through its activation of ID2 transcription (32), readily coimmunoprecipitated with MYSM1 when overexpressed in 293-T cells that were transfected with pCMV-Mysm1-FLAG but not in the cells that were transfected with the pCMV-FLAG (Fig. 6C) . In our experimental settings, none of the other proteins coimmunoprecipitated with MYSM1. Also, endogenous MYSM1 was strongly associated with endogenous NFIL3 in the NK1.1 + CD3 − NK cells pooled from WT spleens and bone marrow (Fig. 6D) .
Next we used ChIP assays of WT and Mysm1 −/− Lin − CD3 − CD122 + NK1.1 + NK cells to test whether interaction between MYSM1 and NFIL3 is required to recruit these proteins to the Id2 locus. We found that NFIL3 indeed is associated with the promoter region of the Id2 locus in WT NK cells at the C/EBP binding site (primer 5) (Fig. 6E) . The Id2 promoter encompasses two C/EBP binding sites: CbE2 (−81 to −73) and CbE3 (−73 to −65) (33), and our finding was consistent with earlier reports that suggested the consensus C/EBP binding site (ATTGC/ GCAAT) as one of the high-affinity binding sites for bZIP factors such as NFIL3 (E4BP4) (34, 35) . However, the association of transcription factor NFIL3 with the Id2 locus was lost in the absence of Mysm1 and in the intergenic region (Fig. 6E) . This result indicates that MYSM1 has an important role in recruiting NFIL3 to the Id2 locus in NK cells.
To confirm further the corecruitment and colocalization of MYSM1 and NFIL3 at the Id2 locus, we performed sequential two-step ChIP assays with WT Lin −
CD3
− CD122 + NK1.1 + NK cells. To do so, chromatin first was immunoprecipitated with anti-MYSM1 antibody, followed by a second immunoprecipitation with anti-NFIL3. MYSM1 and NFIL3 were found to be colocalized at the promoter region of the Id2 locus in the WT NK cells (Fig. 6F) . Colocalization again was enriched at the C/EBP binding site (primer 5); this result explains, at least in part, how MYSM1 may be targeted to the Id2 locus through its interaction with the DNA-binding NFIL3 protein. The associa- tion of these factors at the Id2 locus was not detectable in the intergenic region (Fig. 6F) .
MYSM1 also has its own DNA-binding activity (30) , and it is possible that this activity or its concerted action with the DNAbinding NFIL3 protein may help bring it closer to the DNAregulatory elements of Id2 locus. However, the fact that NFIL3's association is lost in absence of MYSM1 shows that MYSM1 and its interaction with NFIL3 are critical for the stable association of NFIL3 at the Id2 locus during NK cell development. Collectively these results suggest the existence of some sort of concerted molecular mechanism in which NFIL3 may help in targeting MYSM1 to Id2 promoter and MYSM1 in turn enhances NFIL3 binding by inducing localized alterations in the nucleosome structures of the Id2 locus. Cell development is controlled by the activation of a specific genetic program that is particular to a specific stage of cell development and by the repression of the genetic program corresponding to the previous cellular state. This process is regulated at the transcriptional level, to a large extent by transcription factors that can dictate the epigenetic signature of a specific locus (36) . MYSM1 previously was reported to regulate target gene transcription by deubiquitinating histone K119, by coordinating with other histone modifications, and by subsequently recruiting transcription factors to the target locus (14, 18) . We performed ChIP assays to examine whether the chromatin context of the Id2 locus is altered in Mysm1 −/− NK cells, consistent with its reduced transcript levels. We determined the chromatin state of the locus in the MYSM1/NFIL3-C/EBP binding site, in the transcription start site, in the first-coding exon of the Id2 locus, and in the negative control intergenic region 3′ of the Id2 locus (SI Appendix, Supplementary Results and Fig. S9A ).
Discussion
Although the use of KO mice has enabled the identification of transcription factors for NK cell development, unveiling the regulation of events that control NK cell development still remains a challenge. Specifically, there are no studies on epigenetic regulation of transcription factors required for NK cell development.
In this study we have identified the essential and intrinsic role of a histone H2A deubiquitinase, MYSM1, in NK cell maturation. Our study outlines this role of MYSM1 in three parts. (i) MYSM1 intrinsically controls the maturation of NK cells downstream of IL-15 signaling but is dispensable for the commitment to the NK lineage. (ii) Our mechanistic studies show that MYSM1 interacts with NFIL3, and this interaction is critical for the recruitment of these proteins to the Id2 locus for the activation of its transcription during NK cell development; the expression of the transcription factor ID2 is impaired in MYSM1-deficient NK cells. (iii) Our mechanistic study also demonstrate that, in the absence of MYSM1, the Id2 locus is poised in its repressed state for future activation and that MYSM1-mediated epigenetic alterations may move its chromatin from a poised to an activated state promoting NK cell development.
Our mechanistic study revealed that the activity of MYSM1 in promoting the transcription of ID2 is essential for the development of mature NK cells. Several lines of evidence support this conclusion (Figs. 5 and 6): (i) the expression of ID2 was reduced significantly in Mysm1 −/− mNK cells and NKPs; (ii) the forced expression of MYSM1 rescued the defective expression of ID2 in Mysm1 −/− NK cells; (iii) the association of MYSM1 with the ID2 locus was detected by ChIP assays; (iv) altered histone modifications and paused RNA Pol II occupancy demonstrate the existence of a poised Id2 locus in the Mysm1 −/− NK cells; and (v), the forced expression of ID2 rescued the defective development of mature NKs from Mysm1 −/− NK precursors. In addition to the evidence presented in this study, our conclusion is supported further by the similarity of the NK cell phenotypes of Mysm1 −/− and Id2 −/− mice. Both these KO mice showed impaired maturation of NK cells, but the early stages of development remained unaffected (9) . The development of thymic NK cells was not compromised in either Id2 −/− or Mysm1 −/− mice (SI Appendix, Fig.  S2 ). We also observed fewer and smaller lymph nodes and Peyer's patches in Mysm1 −/− mice (SI Appendix, Fig. S10 ), which resembled the defective development of lymph nodes and Peyer's patches in Id2 −/− mice (9) . Thus, the blocking of NK cell maturation observed in Mysm1 −/− mice is likely to be caused by the defective expression of ID2 in Mysm1 −/− mNK cells and their precursors. Although our study did not identify much reduction in the transcript levels of many known transcription factors involved in NK development [except for ID2, T-BET, and GATA3 (Fig. 5 A  and B and SI Appendix, Fig. S6 )], we cannot exclude the possibility that MYSM1 may directly or indirectly regulate additional genes apart from Id2 during NK cell development. For example, we observed a loss of Flt3 expression in CLPs (Fig. 2 D and F and SI Appendix, Fig. S3 A-C) , and our data are consistent with the findings of Nijnik et al. (17) , who demonstrated a loss of Flt3 + KLS cells in Mysm1 −/− mice. Previously, Flt3 signaling has been implicated in the development and/or maintenance of Flt3 + MPPs (multipotent progenitors), CLPs, and B-, T-, NK-, and DC-lineage cells (37, 38) . However, two independent groups recently demonstrated the down-regulation of Flt3 and up-regulation of CD122 as sequential steps in NK cell commitment from Flt3 + CLPs (6, 39) . Our data, in fact, show that the reduction of Flt3 + CLPs in Mysm1 −/− mice did not compromise the generation of pre-NKPs and rNKPs ( Fig. 2 D and F and SI Appendix, Fig. S3 A-C). Another group showed similar evidence that the reduction of Flt3 + CLPs in hoxa9 −/− mice did not compromise their ability to generate NKPs or even mature NKs cells (40) . However, the precise role of MYSM1 in regulating NK cell development through Flt3-dependent or independent regulatory circuits may need more rigorous investigation.
Our further investigation into how MYSM1 is targeted selectively to the Id2 locus suggests that MYSM1 interacts with the DNA-binding NFIL3 protein and that the two are co-recruited to the Id2 locus (Fig. 6 C-F) . We also found that this interaction is critical for the recruitment of NFIL3 to the Id2 locus (Fig. 6F) , possibly because of the MYSM1-induced chromatin alterations that could enhance NFIL3 binding in the Id2 locus. However, it is interesting that Nfil3 −/− mice showed defective NK cell development at both the iNK and mNK stages of development (32) , whereas the NK cells in Mysm1 −/− mice were defective only during the transition from iNK to mNK cells (Fig. 2 A-C) . It is unclear why MYSM1 is not involved in NK cell development during the transition from NKP to iNK cells. It may be that organized epigenetic signals for the coordination of NFIL3 and MYSM1 are composed only at the later stages of NK cell development. What other proteins help in targeting MYSM1 to the Id2 locus and whether NFIL3 requires any epigenetic factors other than MYSM1 to be recruited to the Id2 locus during the early stages of NK cell development are questions that need more investigation. Clearly, an interesting focus of future studies will be to understand fully how MYSM1 interacts with different partners for selective activation of its target genes in different cell lineages or at different developmental stages of cells from the same lineage.
Specific chromatin markers keep master regulators of differentiation silent but poised for further induction (41) . Our data indicate that the Id2 gene is poised in its repressed state for future activation and that MYSM1-mediated epigenetic alterations may shift its chromatin from a poised to an activated state. These data converge well with a previous report that showed RNA polymerase pausing to be one of the down-stream consequences of histone H2A monoubiquitination (42) . Although ID2 is not essential for early NK cell development, and Mysm1 −/− mice show defects only in NK cell maturation and not in commitment to the NK lineage, the expression of ID2 is one of the first indications of NK cell lineage specification (9) . It will be interesting to identify the precise developmental point at which MYSM1 composes the epigenetic signals for the induction of the Id2 gene for NK lineage specification and development.
Nevertheless, this study demonstrates that MYSM1 has an important and intrinsic role in NK cell development through an epigenetic control of ID2 transcription, which is critical for NK cell development.
Methods
Detailed descriptions of techniques used in our study are provided in SI Appendix, Supplementary Materials and Methods.
Animals. Mysm1-deficient mice (Mysm1-KO first-floxed mice) were generated through a KO-first strategy (43) . All animal breeding and experiments were approved and performed in accordance with the University of Southern California Institutional Animal Care and Use Committee.
